The failing heart is subject to elevated metabolic demands, adverse remodeling, chronic apoptosis, and ventricular dysfunction. The interplay among such pathologic changes is largely unknown. Several laboratories have identified a unique posttranslational modification that may have significant effects on cardiovascular function. The Olinked β-N-acetylglucosamine (O-GlcNAc) posttranslational modification (O-GlcNAcylation) integrates glucose metabolism with intracellular protein activity and localization. Because O-GlcNAc is derived from glucose, we hypothesized that altered O-GlcNAcylation would occur during heart failure and figure prominently in its pathophysiology. After 5 d of coronary ligation in WT mice, cardiac O-GlcNAc transferase (OGT; which adds O-GlcNAc to proteins) and levels of OGlcNAcylation were significantly (P < 0.05) elevated in the surviving remote myocardium. We used inducible, cardiac myocyte-specific Cre recombinase transgenic mice crossed with loxP-flanked OGT mice to genetically delete cardiomyocyte OGT (cmOGT KO) and ascertain its role in the failing heart. After tamoxifen induction, cardiac OGlcNAcylation of proteins and OGT levels were significantly reduced compared with WT, but not in other tissues. WT and cardiomyocyte OGT KO mice underwent nonreperfused coronary ligation and were followed for 4 wk. Although OGT deletion caused no functional change in sham-operated mice, OGT deletion in infarcted mice significantly exacerbated cardiac dysfunction compared with WT. These data provide keen insights into the pathophysiology of the failing heart and illuminate a previously unrecognized point of integration between metabolism and cardiac function in the failing heart. heart failure | metabolism | O-GlcNAc | remodeling | infarct
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Profound metabolic derangements and metabolic dysfunction typify bioenergetic changes in the failing heart (1) . Others have documented down-regulation of essential transcription factors, such as peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) (2) . PGC-1α is a transcriptional coactivator that, along with the peroxisome proliferator-activated receptor family of transcription factors, regulates several genes required for energy generation, and in particular, fatty acid oxidation (3, 4) . Moreover, PGC-1α has also been shown to be essential in the failing myocardium (5) .
Although the widely appreciated shift to the use of glucose during heart failure may be beneficial (6) because glycolytic ATP production spares oxygen, it is not necessarily linked to an increase in glucose oxidation (7) . Excess glucose flux may be shunted into the accessory pathways that diverge off of glycolysis (8) , which may include the hexosamine biosynthetic pathway (HBP). Upon entering the cell, 95% to 99% of glucose contributes to energy production or storage as glycogen. The remainder (<5%) is funneled into one of several accessory pathways of glycolysis, such as the polyol pathway, pentose phosphate pathway, and HBP pathway. The HBP begins with the transamination of fructose-6-phosphate, via the rate-limiting enzyme glutamine:fructose amidotransferase (GFAT), and culminates in the production of the high energy molecule uridine diphosphate N-acetylglucosamine (UDP-GlcNAc). This pathway has been shown to be important in the cardiovascular system (9, 10) and has been implicated in several chronic diseases (11) .
UDP-GlcNAc serves as the monosaccharide donor for the dynamic posttranslational modification of O-linked β-N-acetylglucosamine (O-GlcNAc) (12) . This modification (known as OGlcNAcylation) is attached to proteins at serine and threonine residues akin to phosphorylation and occurs both in the nucleus and cytosol of all cell types. Although O-GlcNAcylation and phosphorylation are similar, and sometimes reciprocal, an important difference must be noted: although there are hundreds of kinases and phosphatases that regulate the phosphate signal, only two enzymes regulate O-GlcNAcylation. One enzyme, O-GlcNAc transferase (OGT), adds the modification, where it remains until removed by O-GlcNAcase (OGA). Residing on the X chromosome, OGT is a singly coded enzyme that is highly conserved across multicellular eukaryotes. Although only one gene has been identified, there are three potential splice variants, including nuclear/cytoplasmic, mitochondrial, and a "short OGT." Successful embryonic development requires OGT supporting its biological importance (13) . The protein itself has two domains, the first of which contains a N-terminal tetratricopeptide repeat domain, used for substrate recognition and binding, and a C-terminal catalytic domain. We focused on the potential role of OGT in the present study.
Because the O-GlcNAc posttranslational modification is derived from glucose, is a metabolic sensor, and is implicated in several chronic diseases, it follows that the levels of this posttranslational modification might change in the failing heart. The current study was devised to determine if such change occurred and what role it played in the pathogenesis of heart failure. Here, we provide seminal evidence that there is altered O-GlcNAcylation in the failing heart. Moreover, tissue-specific genetic deletion of O-GlcNAc transferase reduces O-GlcNAcylation and exacerbates cardiac dysfunction and mortality during infarct induced heart failure. We also provide potential insight into the mechanism of such deterioration, which suggests exacerbated pathological remodeling with an increase in apoptosis and fibrosis in the absence of O-GlcNAc transferase in the failing heart. This study provides unique insights into remodeling within the failing heart and implicates an essential signaling system.
Results
Characterization of Infarct-Induced Heart Failure. Male WT C57/BL6 mice (Jackson Laboratory) were subjected to left coronary artery ligation or sham surgery. After 5 d, mice were anesthetized with 1.5% isoflurane, and hearts were removed and stored for subsequent analysis. Following coronary ligation, animals exhibited heart failure-like symptoms such as the initiation of a large scar as seen in the representative Masson trichrome section (Fig. S1A) , an elevated heart weight to tibia length ratio (P < 0.05; Fig. S1B ), cardiac hypertrophy as determined by wheat germ agglutinin staining ( Fig. S1C , P < 0.05; representative image in Fig. S1D ), pulmonary edema (P < 0.05; Fig. S1E ), and up-regulation of atrial natriuretic peptide and brain natriuretic peptide mRNA compared with WT sham.
In these same hearts, levels of glycolytic and HBP enzyme mRNAs were also determined. Hexokinase (HEK) 1 was significantly (P < 0.05) elevated, whereas HEK2, GAPDH, and phospho-fructokinase-1 (PFK-1) remained unchanged (Fig. S2A ). This increase in HEK1 was accompanied by a significant (P < 0.05) increase in GFAT1 but not GFAT2 (Fig. S2A) , the rate-limiting enzyme of the HBP. Although GFAT1 was elevated, no change in the steady-state levels of UDP-HexNAc occurred. While this increase in glycolytic transcripts occurred, levels of key metabolic transcriptional regulators PGC-1α and PGC-1β were markedly (P < 0.05) reduced (Fig. S2A ). With this reduction, genes controlled by PGC-1 such as carnitine palmitoyltransferase 1 (CPT-1), carnitine palmitoyltransferase 2 (CPT-2), medium chain acyl-CoA dehydrogenase (MCAD), ATP synthase subunit 5 (ATP-5O) and cytochrome oxidase subunit 5B (COXIV 5B; P < 0.05; Fig. S2A ) were also reduced. Along with this decrease in genes required for fatty acid metabolism, the levels of glucose transporters (GLUT) 1 and 4 were also determined. Interestingly, although GLUT1 levels did not change, there was a significant reduction in GLUT4 (P < 0.05; Fig. S2A ), also a PGC-dependent product. Hearts were also harvested and quantitative RT-PCR (qRT-PCR) analysis was performed 28 d following surgery (Fig. S2B) .
Interestingly, global O-GlcNAcylation was elevated at 5 d as evidenced by Western blot (Fig. 1A , P < 0.05; representative image in shown in Fig. 1B ) and a nonantibody technique using Click chemistry ( Fig. 1C , P < 0.05; representative image shown in Fig.  1D ). Whereas the mRNA levels of OGT, the enzyme that adds the modification to proteins, were unchanged (Fig. 1E) , the protein levels were increased 5 d after infarction ( Fig. S3B ). As the elevation in O-GlcNAcylation appeared to be a result of increased levels of OGT protein, we focused our efforts on determining the role that OGT plays in the failing heart by creating a cardiomyocyte-specific OGT KO.
Cardiomyocyte-Specific Deletion of OGT. To study the role that OGlcNAcylation plays in heart failure, an inducible, cardiomyocytespecific KO of OGT was made. Homozygous OGT floxed (14) mice were crossed with an α-myosin heavy chain-driven mutated estrogen receptor flanked cre recombinase Mer-Cre-Mer (MCM) transgenic mice (15) . Mice were injected with tamoxifen (20 mg/ kg/d) for 5 d, followed by a 5-d "washout" period. Tissues were harvested and snap-frozen until needed for analysis or saved for immunohistochemical stains. In cardiomyocyte-specific OGT KO (cmOGT KO) mouse hearts, OGT mRNA levels ( Fig. 2A) , OGT protein levels (Fig. 2B) , and levels of O-GlcNAcylated proteins ( Fig. 2C ) were all significantly reduced (P < 0.05) compared with WT mice. Cardiac restriction of the transgene was confirmed when no changes in OGT levels were noted in the skeletal muscle (Fig.  2B ) or lungs (Fig. 2B ). This cardiomyocyte-specific loss of OGT was further confirmed when isolated cardiomyocytes were subjected to qRT-PCR for OGT mRNA (P < 0.05; Fig. S4A ). This can clearly be seen in the representative immunofluorescent sections stained for OGT (Fig. 2D) or for O-GlcNAcylated proteins (Fig.  2E) . Although loss of OGT (green, Fig. 2D ) or O-GlcNAcylated protein (red, Fig. 2E ) signal is evident in the vast majority of myocytes, a mosaicism does exist at the same extent as seen in the isolated myocyte data (Fig. S4A) . The opposing enzyme to OGT, OGA, was also studied in the cmOGTKO heart. Following OGT ablation, OGA mRNA levels were also significantly reduced (P < 0.05; Fig. S4B ), although no change in OGA protein was witnessed (Fig. S4C) . We also determined the mRNA levels of several glycolytic enzymes in the cmOGTKO group. HEK1, HEK2, and PFK-1 were unchanged whereas GAPDH was significantly (P < 0.05) elevated (Fig. S4D) . The levels of the rate-limiting enzymes GFAT1 and GFAT2 were also unchanged (Fig. S4E) . Finally a histological assessment was performed on the cmOGT KO mice, with no sign of increased hypertrophy, apoptosis, or collagen accumulation (Fig. S5 A, C , and E; representative images shown in Fig. S5 B, C, and F, respectively) . To determine the effects of OGT ablation in naive animals over a longer time frame, WT and cmOGT KO mice were injected with tamoxifen, subjected to sham surgery, and followed for 4 wk via echocardiography. The cardiac ablation of OGT, and reduction in total O-GlcNAcylation, persisted through 4 wk as determined by click chemistry (Fig. S6A , P < 0.05; representative image shown in Fig. S6B) . Surprisingly, the OGT-deficient mice showed no significant changes in cardiac function as measured by left ventricular inner diameter in diastole (Fig. S6C) or systole (Fig. S6D) , nor was there any increase in cardiac hypertrophy ( Fig. S6E ; representative image shown in Fig. S6F ), cardiac apoptosis ( Fig.  S6G ; representative image shown in Fig. S6H ), or fibrosis ( Fig.  S6I ; representative image shown in Fig. S6J ). These findings were surprising, as standard whole-body KO of OGT is embryonic-lethal (13) . These results indicate that a reduction of cardiac OGT and reduced O-GlcNAcylation do not affect cardiac function in the otherwise unstressed heart.
Cardiac-Specific Deletion of OGT Exacerbates Heart Failure. To determine the role that OGT ablation plays in heart failure, WT and cmOGT KO mice were injected with tamoxifen, subjected to infarction, and harvested at 24 h for infarct determination or followed for 4 wk using echocardiography. Cardiac-specific ablation of OGT had no affect on infarct size at 24 h as determined by Evans blue and triphenyl tetrazolium chloride staining ( Fig.  S7A ; representative images shown in Fig. S7B and Fig. S7C ). Representative M-mode echocardiographs are shown in Fig. 3A . Over the course of the study, cmOGT KO mice suffered exaggerated left ventricular dilation in diastole (P < 0.05; Fig. 3B ) and systole (P < 0.05; Fig. 3C ). Fractional shortening was worse in the cmOGT KO mice compared with WT mice (P < 0.05; Fig.  3D ). Along with these changes in left ventricular geometry, there was a significant decline in left ventricular function. The left ventricular dP/dt, an index of contractility, was markedly (P < 0.05) reduced in the cmOGT KO group (Fig. 3E) , whereas an elevation in tau (P < 0.05; Fig. 3F ) provided evidence of impaired relaxation. Failed cmOGT KO mice also suffered pulmonary edema, indicated by an elevated lung weight-to-tibia length ratio (P < 0.05; Fig. 3G ). Although cmOGT ablation exacerbated postinfarct ventricular dysfunction and more of the , and levels of O-GlcNAcylated proteins (C) were significantly reduced in the cmOGT KO hearts. To confirm tissue specificity of OGT ablation, skeletal muscle and lungs were removed and subjected to immunoblot for OGT; no change was observed (B). Cardiac myocyte specific ablation of OGT was confirmed via immunofluorescence. Using antibodies specific for OGT and cardiac troponin, a mosaic loss of green (OGT) signal occurs in the cmOGT KO myocardium compared with the WT, in which the signal remains largely uniform throughout the myocardium (D). In addition, cmOGT KO hearts were stained for O-GlcNAcylated proteins and a similar mosaic pattern emerged (E); *P < 0.05 versus WT. Fig. 3 . OGT ablation exacerbates heart failure. Following cardiac ablation of OGT, mice were subjected to permanent coronary ligation and followed for 4 wk via echocardiography, with representative M-modes shown (A). cmOGT KO mice subjected to coronary ligation showed a significant increase in diastolic (B) and systolic (C) diameters and a significant reduction in fractional shortening by 4 wk (D). Left ventricular dP/dt, an index of cardiac function, was also reduced in the cmOGT KO HF group (E), whereas an elevation in tau provides evidence of impaired relaxation (F). Finally, an increased lung weight-to-tibia length ratio (G) suggests pulmonary edema caused by a slightly elevated LVEDP; *P < 0.05 versus WT HF.
cmOGT KO mice died during the 4-wk protocol, there was no significant difference in survival; 80% of WT mice survived and 64% of cmOGT KO mice were alive after 4 wk. Here, we have shown that, although no baseline abnormalities exist, OGT ablation significantly reduces the heart's compensatory capacity during infarct-induced heart failure.
OGT Ablation Exacerbates Postinfarct Remodeling. To provide an explanation for the exacerbated dysfunction in the cmOGT KO heart failure (HF) group, we first determined if the reduction in O-GlcNAcylation was maintained throughout the course of the study. Using click chemistry, levels of O-GlcNAcylation were significantly lower in the cmOGT KO HF group, proving that ablation of OGT is persistent up to 4 wk (P < 0.05; Fig. 4A ; representative image shown in Fig. 4B ). We also determined that the reduction of O-GlcNAcylated proteins remained reduced compared with WT shams at 4 wk ( Fig. S8A , P < 0.05; representative image shown in Fig. S8B ). Next we began to assess the pathological remodeling occurring within the surviving myocardium. Although there was no difference in myocyte hypertrophy according to wheat germ agglutinin staining ( Fig. 4C; representative image shown in Fig. 4D ), there was a significant (P < 0.05) increase in the total number of TUNEL-positive nuclei ( Fig. 4E ; representative image shown in Fig. 4F ) in the remote, noninfarcted myocardium. This increased rate of apoptosis was detected in only the myocytes (based on morphology) and there was no apparent difference in the nonmyocytes. Potentially related to the higher rate of myocyte apoptosis, fibrosis (assessed by fast green/Sirius red staining) was elevated in the remote, noninfarcted myocardium (P < 0.05; Fig. 4G ; representative image shown in Fig. 4H ).
OGT Deletion Exacerbated PGC-1α Suppression Early After Myocardial
Infarction. To provide a possible link between OGT and a mechanism of heart failure, additional WT and cmOGT KO mice were injected with tamoxifen and then subjected to infarction. Tissues were harvested at 5 d after surgery. This time point was chosen because it immediately precedes the separation in functional parameters, and is the same time point shown in Fig. S2A , which indicates suppression in PGC-dependent transcriptional activity in WT failing versus sham-treated hearts. Five d after infarction, there was an increase in HEK1 mRNA levels (P < 0.05; Fig. S2A ), which correlates with previous reports of increased glycolysis. This increase was not exacerbated when cmOGT KO mice were subjected to 5 d of coronary ligation. Likewise, no other glycolytic enzymes examined changed (Fig.  S9A) . The rate limiting enzyme in the HBP, GFAT, was unchanged between the two ligated groups. OGA mRNA levels, however, were decreased in these same animals (P < 0.05), and protein expression of OGA remained unchanged. Surprisingly, PGC-1α and -β were further suppressed in the cmOGT KO HF hearts compared with WT HF hearts (P < 0.05; Fig. S9A ). Such reduction is even more impressive considering that, 5 d after ligation, PGC-1α is reduced compared with sham (Fig. S2A) . Associated with suppression of PGC-1α, dependent transcripts, Ablation of OGT had no effect on cardiomyocyte size (C) in the failing heart; representative image shown in D. There was an increase in the total number of TUNEL-positive nuclei, and more specifically the number of TUNELpositive myocytes, in the cmOGT KO group compared with WT (E). A representative image is shown (F) with arrowheads denoting positive nuclei. Following this elevated rate of apoptosis, total fibrotic area was also exacerbated in the cmOGT KO failing hearts (G); representative image is also shown (H). Both TUNEL and fibrotic measurements were made in a section remote from the infarct; *P < 0.05 versus WT HF.
such as CPT-1, CPT-2, MCAD, ATP-5O, COXIV-5B (P < 0.05; Fig. S9A ), GLUT1, and GLUT4 (P < 0.05; Fig. S9A ), were also reduced. To determine if this apparent metabolic derangement persisted, WT and cmOGTKO mice were subjected to 4 wk of coronary ligation and harvested for qRT-PCR analysis. Although no significant differences were detected, the data did trend toward maintaining the metabolic phenotype of PGC-1 repression (Fig. S9B) . These findings imply a veritable metabolic collapse in the absence of OGT in the postinfarct heart. Although it is possible that such changes in PGC transcript are related to direct modulation of PGC transcription by O-GlcNAcylation, we cannot rule out the likely possibility that such changes simply reflect the exacerbation of heart failure in the cmOGT KO mice.
Discussion
The mechanical demands of the failing heart outpace the endogenous metabolic capacity. Following myocardial infarction, a large akinetic area develops in the ventricular wall, which places undue wall stress on the remote, albeit surviving, myocardium. The heart continues to dilate, thereby perpetuating wall stress on the surviving and hypertrophying myocardium. Thus, understanding homeostatic metabolic regulation and elucidating the pathologic changes operative during heart failure represent essential approaches to developing new and more effective therapies for the failing heart. Accordingly, we were intrigued by the potential interaction between a unique glucose-derived posttranslational modification (via O-GlcNAc) and the failing myocardium. Because of the varied indirect metabolic contributions to the O-GlcNAc modification, it should not necessarily be thought of as a simple glycolytic readout. Indeed, emerging evidence supports a much more complicated role for O-GlcNAcylation in primary cells and intact tissue.
OGT has been shown to be required for cell division and embryogenesis (13) . We initially hypothesized that cardiomyocyte ablation of OGT would induce heart failure and were surprised that the mice thrived during the 4-wk course of the study. Although it does not appear to be necessary for normal cardiac function, as measured in anesthetized animals, OGT is certainly required as part of the endogenous compensatory response to infarct-induced heart failure. Nevertheless, it is possible that chronic (e.g., several months) deficiency of OGT may create a phenotype in the absence of infarction.
Again, these data clearly demonstrate that OGT expression is necessary for at least some of the multifarious compensatory changes during heart failure. This leads to the proverbial question regarding mechanism. The exaggerated remodeling and apoptosis in the post-myocardial infarction cmOGT KO mice are prognostic of poor outcomes during heart failure. It is important to realize that such changes occurred in the remote, surviving myocardium and were not directly related to differences in infarct size because the infarct size soon after surgery was not different between the two groups. This opens up new areas of investigation and leads one to ponder whether O-GlcNAylation represents a novel, important, and direct regulator of fibrotic changes in the failing heart, or whether such changes merely reflected enhanced apoptosis. These histologic changes did not occur in isolation, as cardiac dysfunction was also exacerbated in the failing cmOGT KO hearts. Thus, relevant physiological changes corroborate our biochemical and pathological readouts.
One unanswered question is what is responsible for the augmentation of O-GlcNAcylation in the failing heart. Here, we show OGT protein expression appeared elevated in the failing heart, but this did not seem to result from a concomitant elevation in OGT mRNA levels. At the same time, the opposing enzyme (OGA) was down-regulated at the mRNA and protein levels. In addition, GFAT1 mRNA was up-regulated in the failing WT heart. One possible explanation of the elevation in OGT protein might relate to relative suppression of the ubiquitin-proteasome system (UPS). During heart failure, UPS activity is reduced (16) , and such reduction could allow an apparent increase in protein half-life via reduced degradation. Other studies of O-GlcNAcylation have indicated that O-GlcNAc modification could directly limit UPS activity (17) . Whether O-GlcNAcylation mediated restriction of UPS occurs in failing hearts is unknown, but such events are possible and worthy of exploration.
Finally, we evaluated UDP-HexNAc levels to determine a potential change in the levels of the sugar donor (UDP-GlcNAc) for the O-GlcNAc modification. The measurement of UDP-HexNAc assumes a consistent ratio of UDP-GlcNAc to UDP-GalNAc, in which UDP-GlcNAc would predominate by as much as 4:1. The HPLC technique we used cannot make a differentiation between the two hexosamines. Moreover, measuring the "snapshot" levels of UDP-GlcNAc (specifically) tells us nothing about flux per se. Ultimately, our data showing no difference in UDP-HexNAc levels do not exclude the possibility of enhanced HBP flux as a result of enhanced glucose uptake early in heart failure. This is an important, albeit technically demanding, issue that we are attempting to address in other studies by using a metabolomics approach.
This invokes a large issue related to metabolism in the failing heart. Some have compared metabolism in the failing heart to that in the diabetic heart. That is, there is an inability to properly use metabolic substrate, particularly fatty acids. Given the recent results from Dillmann and coworkers regarding the potential involvement of O-GlcNAcylation in diabetic cardiomyopathy (18) , and our determination that O-GlcNAcylation was elevated early in the failing heart, we initially assumed such enhanced OGlcNAcylation would be maladaptive and that ablation of OGT would at least partially rescue cardiac function during heart failure. Such hypotheses were clearly incorrect, likely reflecting the complexities of chronic metabolic regulation.
The present work provides seminal insights into a recently discovered regulator of cardiovascular function (9) . The present data clearly and directly demonstrate that cardiac OGT expression is essential in the failing heart, although apparently dispensable for acute maintenance of cardiac function. Based on such a direct demonstration, future studies will be necessary to identify the specific targets that are O-GlcNAcylated in the failing myocardium and how such targets figure in the pathophysiology of heart failure. Interestingly, Murphy and coworkers (19) recently identified several contractile proteins that are O-GlcNAcylated in the myocyte. It would be interesting to identify what, if any, changes occurred at the contractile protein level in the failing heart. Such endeavors would provide valuable insight into the targets and mechanisms of O-GlcNAcylation in the failing heart. Clearly, our understanding of metabolism and metabolic regulation in the heart will continue to change, particularly in light of the important influence of O-GlcNAcylation in the cardiovascular system.
Materials and Methods
In Vivo Heart Failure Studies. Adult (3-4 mo old) mice were subjected to in vivo coronary ligation to induce heart failure, as described previously (20) (21) (22) . Using sterile technique, mice were subjected to a thoracotomy and the left coronary artery visualized and permanently occluded with the aid of a dissecting microscope. Upon recovery of spontaneous respiration, the intubation tube was removed and mice were allowed to recover in a temperature-controlled area supplemented with 100% oxygen. All animal procedures were performed in accordance with National Institutes of Health guidelines and approved by the University of Louisville Animal Care and Use Committee.
Echocardiographic Assessment of Cardiac Function. Transthoracic echocardiography of the left ventricle using a 15-MHz linear array transducer (15L8) interfaced with a Sequoia C512 system (Acuson) was performed as previously described (20) (21) (22) . At the indicated times, mice were anesthetized with 2% isoflurane, maintained under anesthesia with 1.25% isoflurane, and examined. Ventricular parameters were measured as recommended by the American Society of Echocardiography (23) . All data were calculated from 10 independent cardiac cycles per experiment.
Invasive Hemodynamic Measurement. Mice were anesthetized and intubated and a 1.0-F Millar catheter was inserted into the right carotid artery and advanced to the left ventricle. Measurements were taken at 1 kHz using the
